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SUPERSONIC AERODYNAMIC CHARACTERISTICS OF A SERIES
OF BODIES HAVING VARTATIONS IN FINENESS RATIO
AND CROSS-SECTION ELLIPTICITY

By Bernard Spencer, Jr., W. Pelham Phillips,
and Roger H. Fournier
Langley Research Center

SUMMARY

An investigation has been conducted in the Langley Unitary Plan wind tun-
nel to determine the effects of cross-sectional ellipticity and fineness ratio
on the longitudinal and lateral aerodynamic characteristics of a series of
2/5-power low-wave-drag bodies at Mach numbers from 1.50 to 2,86. Reynolds num-

ber per foot was held constant at 2.75 X lO6 for all Mach numbers. The angle-
of-attack range was from approximately -50 to 290 at 00 and 5° of sideslip.

Increasing body major-to-minor axis ratio, with the major axis horizontal,
resulted in large increases in the 1lift, drag, and pitching-moment coefficients
and lift-drag ratios at positive angles of attack and at all test Mach numbers.
The successive increases in major-to-minor axis ratio, with the major axis hor-
izontal, resulted in gaing in lift-curve slope for bodies of the same fineness
ratio when the coefficients were based on the respective body projected plan-
form areas; generally, only slight changes in the minimum-drag characteristics
of the bodies were noted.

A rearward shift in the body center-of-pressure location is generslly
indicated when the horizontal-to-vertical axis ratio is increased from 0.50 to
2.00. Little or no effects of increasing Mach number on the center-of-pressure
location of a given body were shown.

For the moment-reference-point location of the present investigation, each
of the symmetrical bodies exhibited static directional instability at all test
Mach numbers, and reductions in the level of directional instability were indi-
cated for increases in major-to-minor axis ratio, with the major axis horizon-
tal. These reductions in directional instability were generally accompanied
by corresponding increases in the variation of positive effective dihedral
with increasing angle of attack for the Mach number range of the present
investigation.



INTRODUCTION

The National Aeronautics and Space Administration and others are pres-
ently conducting aerodynamic research from low subsonic to hypersonic speeds
on low-fineness-ratio generalized lifting-body shapes with possible applica-
tion as manned reentry configurations. (See refs. 1 to 7.) Research on low-
fineness-ratio cones &t supersonic speeds (ref. 5) and high-fineness-ratio
low-wave-drag bodies at subsonic sneeds (ref. 6) has indicated that notable
gains in the aerodynamic performance may be realized from varying the body
cross section from circular to elliptic (elongations in the horizontal plane).
These improvements in performance realized from altering the configuration
cross section may be reflected in improved maneuverability and range control
throughout the range of Mach numbers to be encountered, and may considerably
improve the landing capability of these basic body configurations. Significant
galins in overall performance may also be expected from use of these 1lifting bod-
ies with low-aspect-ratio wings of high sweep designed as hypersonic cruise or
reentry configurations, since the body portion of this type of configuration
will constitute a major portion of the 1lifting surface.

The present investigation was made to provide aerodynamic information at
supersonic speeds on the effects of changing fineness ratio and cross-sectional
ellipticity on the aerodynamic characteristics for a series of 2/3~power low-
wave-drag lifting bodies. Variations in the horizontal-to-vertical axis ratio
from 0.50 to 2.00 are included for effective body-fineness ratios of 3, 5, and
7. Tests were conducted in the low Mach number test section of the Langley
Unitary Plan wind tunnel at Mach numbers of 1.50, 1.90, 2.36, and 2.86. The
angle-of-attack range varied from approximately -5° to 29° at 0° and 5° of side-

slip and at a Reynolds number per foot of 2.75 X 10~.

SYMBOLS

Longitudinal dsta are presented about the stability axes, and lateral data
are presented about the body axes. The coefficients are nondimensionalized
with respect to the body base area (0.08727 sq ft), which was held constant for
all configurations, and the base diameter of the circular-cross-sectional body,
unless otherwise noted. The longitudinal location of the moment reference
point was taken as 66.67 percent of the total length for each configuration.
Vertical moment-reference-point locations for each body are indicated in
figure 1.

(Eama.x)E ¢ — OO; (gbma.x)g

A aspect ratio, s , @ =900
Sp Sp

a semimg jor-axis length of elliptic cross section, ft

b semiminor-axis length of elliptic cross section, ft



C drag coefficient, Drag

D aSp
CDmin minimum drag coefficient
c1, 1ift coefficient, Lift
a5y,
Cy, 1lift coefficient at maximum 1ift-drag ratio
(L/D)max
Cr, lift-curve slope (o = 0°), per degree
(o2
Cy rolling-moment coefficient, Rolling moment
95payp
c (ACz) a
=l — per degree
' A8 B=OO:5O,
. . - Pitching moment
Cm pitching-moment coefficient, G .
Cn pitching-moment coefficient at maximum 1ift-drag ratio
(L/D)max
Cma longitudinal stability parameter, per degree
Cx normal-force coefficient, Normgébforce
Cn yawing-moment coefficient, Yewing moment
aSpdp
C Zn a
= | — er degree
nB AB B=oo’ 50} p g
Cy side-force coefficient, Side force
as,
c (ACY) a
= | — per degree
B\ Jpogo, 507
dy, base diameter for circular-cross-section body, ft
FR body effective fineness ratio, _
2YamaxPmax
L/D lift-drag ratio
1 total body length, ft

M Mach number



a free-stream dynamic pressure, 1b/sq ft

MODELS

r local radius, ft
dp

I'-b = —2—

dp 2
Sp body base area = = or mab, 0.08727 sq ft
Secross cross-sectional areas of body, sq ft
SP body projected planform area, sq ft
Syet wetted area of body (excluding base area), sq ft
b4 longitudinal coordinate of body, ft

Xeg
Xop longitudinal center-of-pressure location (a = 0°), -
1
a angle of attack, deg
a angle of attack at maximum 1lift-drag ratio, deg
(L/D)max

B angle of sideslip, deg
¢ angle of roll about body-ordinate reference line, deg
Subscripts:
cg center of gravity
max maximum
min minimum

_ Smg
CNg,

Three-view drawings of the body shapes used in the present investigation

are shown in figure 1, slong with pertinent geometric characteristics and con-
figuration designations.

The cross-section ellipticity is designated by the

letters A, B, and C for a/b ratios of 1.0, 1.5, and 2.0, respectively.
numbers 3, 5, and 7 preceding configuration cross-section designations indi-
cate the fineness ratio; whereas, the numbers 1, 2, and 4 used as subscripts
on the cross-section designations have the following meaning:

The

g



1. Symmetrical body, @ = O°
2. Negatively displaced body, ¢ = 0o°
L. symmetrical body, ¢ = 90°

For example, the designation T7C; indicates the symmetrical a/b = 2.00 Dbody
with a fineness ratio of 7 at ¢ = 0° whereas the designation 7Cj indicates

the same body rotated through a roll angle ¢ = 90°.

Photographs of the circular bodies of revolution 3A;, 3A,, and 5A; and of
the elliptic bodies 5C1 and TCy are shown in figure 2. The body shapes of the

investigation had effective finenéss ratios of 3, 5, and 7. Effective fineness
.
2\@maxPmax
tion followed a 2/3-power contour r = rb(x/l)g/E, which represents a low-wave-
drag body shape at hypersonic speeds. In varying the body cross sections from

circular to elliptic, the body projected planforms were made to conform to the

2/3—power variation by holding the longitudinal cross-sectional area distribu-

tions (nr2 = nab) for a given fineness ratio constant, as shown in figure 3.

A1l bodies of the investigation had a constant base area which has been used as
the reference area.

ratio is defined as > Cross-section radii of the bodies of revolu-

The ratio of the horizontal-axis length to the vertical-axis length of
0.50 was obtained by rotation of the symmetrical a/b = 2.00 bodies through a
roll angle of ¢ = 90°. Coordinates of the symmetrical bodies are given in
table I, and pertinent geometric characteristics of each confilguration tested
are presented in table IT.

The negatively displaced bodies were formed by displacing each cross sec-
tion vertically so that the uppermost point of each section lay on the body
reference line. (See fig. 1.)

TESTS, CORRECTIONS, AND ACCURACY

The investigation was conducted in the low Mach number test section of the
Langley Unitary Plan wind tunnel at Mach numbers of 1.50, 1.90, 2.36, and 2.86
while maintaining a constant Reynolds number per foot of 2.75 X 10°. The stag-
nation temperature was 150° F, and the dewpoint, measured at stagnation condi-
tions, was held below -30° F to assure negligible condensation effects.

Forces and moments were measured by use of a sting-mounted six-component
strain-gage balance. The range of angle of attack varied from -5° to a maximum

of 29° at 0° and 5° of sideslip.



Transition was fixed on all bodies tested at a distance of 0.5 inch aft of
the body apex by a circumferential band of carborundum grains having a nominal
diameter of 0.0117 inch.

Corrections have been applied to the angle of attack to account for flow
angularity and deflection of the balance and sting under load. Drag coeffi-
cients presented herein are for total drag of the configuration, including base
drag. No attempt was made to correct the drag data for the induced effects of
sting-support interference. Support-interference effects for elliptic cones
and bodies of revolution at high subsonic to supersonic speeds are indicated in
references 8 to 10. The maximum deviation of the local Mach number in the test
medium is *0.015. The estimated accuracies of the angle of attack and the coef-
ficients, based on the balance calibration and repeatability of the data, are
within the follcocwing limits, as based on the base area:

Wy AEE « v ¢ ¢ v e e e i e e e e e e e e e e e e e e e e e e v e e ... *0L100
C1, - . . *0.040
Cp - . . . . . 20.040
- 6 I 01 T¢)
Cl v v v e e e e e e e e e e e e e e e e e e e e e e e e e e e e e w . . *0.008
Cn T ¥ g I ¢ 1 1T¢)
Cy - . . . . 30.040

PRESENTATION OF RESULTS

Typical schlieren photographs for several of the configurations tested are
presented as figure 4. The basic longitudinal aerodynamic characteristics of
the bodies tested are presented in figures 5 to 12, and the lateral-directional
characteristics are presented in figures 13 to 16 as functions of angle of
attack. Table IIT is included to aid in locating basic data figures for the
various bodies tested. Summary plots of the longitudinal and lateral aerody-
namic characteristics obtained from the basic data are presented as functions
of Mach number and horizontal-to-vertical axis ratic in figures 17 and 18.

Longitudinal Aerodynamic Characteristics

The effects of increasing the ratio a/b on the longitudinal characteris-
tics of the symmetrical bodies with fineness ratios of 3, 5, and 7 at Mach num-
bers from 1.50 to 2.86 are presented in figures 5 to 8. Large increases in C,
CM, and Cp for given positive angles of attack are realized from increasing
the horizontal-to-vertical axis ratio from 0.50 to 2.00 (a/b = 2.00, ¢ = 90°
to a/b = 2.00, @ = 0°) at a Mach number of 1.50, for each fineness ratio
(fig. 5(a)). These gains are primarily a result of the increases in planform
area for a given fineness ratio. The increases in body lift-curve slope
(fig. 17(a)), although primarily due to the increases in planform area, also
result from increases in body aspect ratio, a/b = 2.0, @ =90° to a/b = 2.0,
¢ = 0°. This effect of increased lift-curve slope due to aspect ratio for a
given fineness ratio is better illustrated in figure 17(e) where each value

6




of lift-curve slope is based on the individual body planform area and is pre-
sented as a function of Mach number.

The variation of minimum drag coefficient (fig. 17(a)) for the symmetrical
bodies indicates an increasing trend in CDmin with increasing a/b (¢ = o°

or 900) with the coefficients based on a constant reference area. However,
noticeable increases in Cpy;, for increasing a/b (@ = 90°) and slight

decreases in Cpy;, for increasing a/b (@ = 0°) are shown when the coeffi-

cient is based on the individual body planform (fig. 17(e)). These small
changes in Cp , due to increasing a/b (@ = 0°) at a given Mach number and

the fact that (L/D)pax 1is constantly increasing with the increases in a/b

(# = 0°) indicate that drag due to lift is lower for the higher a/b ratio
bodies (B = O°) as a result of the increases in lift-curve slope (figs. 17(a)
and 17(b)). With regard to the variations of Ci, Cp, and Cp with increasing
angle of attack, similar analysis may be made for the configurations discussed
for Mach numbers of 1.90, 2.36, and 2.86; the nonlinear trends noted, however,
in the Cp, and Cp variations with o at the lower Mach numbers tend to dis-
appear as Mach number is increased. Compare figures 8(a) and 8(c) with

figures 5(a) and 5(c), respectively.

A rearward shift in body center-of-pressure locetion is generally indi-
cated when the horizontal-to-vertical axis ratio is increased from 0.50 to 2.00
(figs. 17(a) to 17(d)). Similar results were found at low subsonic speeds on
a 2/5-power body having a fineness ratio of 10 (ref. 6). It is interesting to
note that there are little or no effects of increasing Mach number on the longi-
tudinal center-of-pressure location for any of the fineness ratios.

Comparisons of the variations of Cp, Cp, Cp, and L/D for the nega-
tively displaced bodies and the symmetrical bodies (a/b = 1.00 or 2.00, @ = 0°)
are presented in figures 9 to 12. It is interesting to note that the variations
of Cp, and Cp with increasing angle of attack for the negatively displaced

bodies are shifted by an increment in angle of attack approximately equal to the
angle between a line connecting the body apex and the centroid of the body base
and the angle-of-attack reference line. With regard to the pitching-moment

characteristics, however, the angular shift in Cp due to body displacement is

higher than that noted for the Cy, and Cp curves; this indicates a slight
effect of body displacement on the variation of Cp with «. These effects on
Cm were also found when comparing circular and elliptical displaced and sym-

metrical bodies with a fineness ratio of 10 at subsonic speeds (ref. 6). The
displacement in Cy, and Cp, however, results in considerable reduction in the

angle of attack for (L/D)yax with only slight effects on CL(L/D)max or

Cm(L/D) . (See fig. 18.) The largest reductions in L/D) oy OCCUT for the

lowest fineness-ratio body having a/b =1.00 (fig. 18, configurations 3A; and
5A2), since this body has the largest angular displacement of cross sections.



Lateral-Directional Characteristics

Comparisons of the lateral-directional characteristics of the symmetrical
fineness-ratio-3 bodies with variations in a/b ratio from 1.00 to 2.00
(¢ = 0° and 90°) are presented in figure 13. Generally, an increase in direc-
tional stability results from changing a/b = 2.00, ¢ =90° +to a/b = 2.00,
¢ = 09, with accompanying increases in effective dihedral with increasing a/b
ratio (fig. 13(a)). Similar results are indicated at all test Mach numbers, as
shown in figures 13(b) to 13(d). However, directional instability was noted
about the present moment reference point for all configurations with a fineness
ratio of 3. The data for the a/b = 2.00, @ = 90° configuration (3C)) indi-

cate static instability in roll throughout the test angle-of-attack range;
however, positive effective dihedral was exhibited by body 3B, or 3Cq

a/b = 1.50 or 2.00 = 0°) throughout the test angle-of-attack range at all
2
Mach numbers.

Data obtained as a result of increasing fineness ratio from 3 to 7 gener-
ally indicate large reductions in directional stability for all a/b ratios,
and considerable irregularity in the variation of CnB with increasing angle

of attack is noted above approximately 8° for all Mach numbers (fig. 14). This
irregularity suggests the possibility of dynamic stability problems similar to
those experienced with high-fineness-ratio sharp-nosed bodies at subsonic
speeds, as reported in reference 6. These irregularities were noted for the
present configurations with the highest fineness ratio 7 at all test Mach
numbers (figs. 14(b) to 14(4)).

With regard to the rolling-moment characteristics of the fineness-ratio-T
bodies, the resulting variations of CZB with increasing angle of attack are

similar to the results obtained on the fineness-ratio-3 bodies, except for the
large increases in the magnitude of the derivative CzB at all test Mach
numbers.

The effects of body displacement on the lateral-directional characteristics
of the configurations with fineness ratio 3 are presented in figure 15. Little
or no effect on the variation of CnB or CZB with angle of attack is indi-

cated for the range of test Mach numbers. Similar effects of displacement at
angles of attack below 4° agre exhibited for the bodies with a fineness ratio of
7 at all test Mach numbers. (See fig. 16.) Rather large variations in CnB

result from body displacement at the higher angles of attack, however. It is
interesting to note that displacing the body cross sections below a common ref-
erence line increased directional instability for the a/b = 1.00 body,
whereas large reductions in directional instability were noted for the

a/b = 2.00, ¢ = 0° body (7C1 and 7Cp) at the high angles of attack.



SUMMARY OF RESULTS

An investigation has been conducted in the Langley Unitary Plan wind tun-
nel to determine the effects of cross-sectional ellipticity and fineness ratio
on the longitudinal and lateral aerodynamic characteristics of a series of
2/3-power low-wave-drag bodies at Mach numbers from 1.50 to 2.86. Reynolds
number per foot was held constant at 2.75 X 10- over the Mach number range of
this investigation. The angle-of-attack range was from approximately -5° to
299 at O° and 5° of sideslip. Results of the investigation may be summarized
in the following observations:

1. Increasing body major-to-minor axis ratio, with the major axis horizon-
tal, results in large increases in the 1ift, drag, and pitching-moment coeffi-
cients and lift-drag ratios at positive angles of attack and at all test Mach
numbers. Successive increases in major-to-minor axis ratio, with the major
axis horizontal, resulted 1n gains in lift-curve slope for bodies of the same
fineness ratio when the coefficients were based on the respective body pro-
Jected planform areas; generally, only slight changes in the minimum-drag char-
acteristics of the bodies were noted.

2. A rearward shift in the body center-of-pressure location is generally
indicated when the horizontal-to-vertical axis ratio is increased from 0.50 to
2.00. Little or no effects of increasing Mach number on the center-of-pressure
location of a gilven body were shown.

3. For the moment-reference-point location of the present investigation,
each of the symmetrical bodies exhibited static directional instability at all
test Mach numbers, and reductions in the level of directional instability were
indicated for increases in major-to-minor axis ratio, with the major axis hori-
zontal. These reductions in directional instability were generally accompanied
by corresponding increases in the variation of positive effective dihedral
with increasing angle of attack for the Mach number range of the present
investigation.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 20, 196k,
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TABLE I.- DESIGN BODY ORDINATES FOR SYMMETRICAL BODIES

a/b = 1.00 a/b = 1.50 a/b = 2.00
x, in. .
r, in. a, in. b, in. a, in. b, in.
Fineness-ratio-3 body
: _
0 0 0 0 0 0
2 .606 .Th2 .Lhos .857 428
y .961 1.178 . 785 1.360 .680
6 1.260 1.543 1.029 1.782 .891
8 1.526 1.869 1.246 2.158 1.079
10 1.771 2.169 1.446 2.505 1.252
12 2.000 2.4h9 1.633% 2.828 1.h1k
Fineness-ratio-5 body
0 0 0 0 0 0
2 L4321 .528 .352 .609 . 305
N .68L4 .838 .558 .967 L8k
6 .896 1.098 .T732 1.267 .634
8 1.086 1.300 .886 1.53%5 768
10 1.260 1.543 1.029 1.782 .891
12 1.k23 1.742 1.162 2.012 1.006
1k 1.577 1.931 1.287 2.229 1.115
16 1.72k4 2.111 1.407 2.437 1.219
18 1.864 2.283 1.522 2.63%6 1.318
20 2.000 2.4h9g 1.633 2.828 1.41k
Fineness-ratio-T body
0 0 0 0 0 0
2 L3kl Lho2 .281 . 488 Lokh
Iy .5k .669 RIS JTTH .387
6 . 716 877 .585 1.01k4 .507
8 .868 1.063 .708 1.228 614
10 1.007 1.233% .8o2 1.h42k .T712
12 1.137 1.3%92 .928 1.608 .80L
14 1.260 1.543 1.029 1.782 .891
16 1.377 1.687 1.125 1.948 9T
18 1.490 1.825 1.216 2.107 1.054
20 1.598 1.957 1.305 2.261 1.130
22 1.703 2.086 1.391 2.409 1.204
2k 1.805 2.210 1.474 2.553% 1.276
26 1.904 2.331 1.554 2.693% 1.346
28 2.000 2.449 1.633% 2.828 1.414
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TABLE II.- BODY GEOMETRIC CHARACTERISTICS

Body

A

shape

Al 0.5556
By .6803
C1 7857
Cy .3928
A7 0.3334
By .4o82
C1 4713
Cy 2357
Ay 0.2381
By .2862
C1 .3367
Cy .1683

[Sb = 12.5626 sq in.]

Volune,
cu in.
Fine

64 .6667

Fine

107.9550

Swet»

sq in.

ness-ratio-3
92.0880
9k .910k
100.3968
100. 3968

ness~ratio-5

151.14k2k

155.7936
16L4. 7792

164.7792

Sp
sq in.
body
28.7994
35.2649

Lo.7281
20.3641

body
47.9990
58.7748
67.8706
33,9353

Fineness-ratio-7 body

151.0000

211.1616
217.6416

230.2128
230.2128

67.1987
83.8135
95.0189
47.5095

.Sﬁet

12.0311
12.4013
13.1166
13.1166

16.8087

17.3245
18.3252

18.3252

3.8207
L, 6784
5.4025

2.7012

5.3490
6.6716
7.5635
3.7818
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TABLE III.- INDEX FOR BASIC DATA FIGURES

Body Fineness . ¢ Mach .
b 1 ’
shape ratio a/ Displacement deg number Flgure
Longitudinal data
Ay, By, C1, and C) | 3, 5, and 7. 1.00, 1.50, and 2.00 0 0 and 90 1.50 5
3, 5, and 7| 1.00, 1.50, and 2.00 0 0 and 90 1.90 6
3, 5, and 7| 1.00, 1.50, and 2.00 0 0 and 90 2.36 7
3, 5, and 7| 1.00, 1.50, and 2.00 0 0 and 90 2.86 8
Ay, Ay, C1, and Cp 3 and 7 1.00 and 2.00 0 and negative 0 1.50 9
3 and 7 1.00 and 2.00 0 and negative 0] 1.90 10
3 and 7 1.00 and 2.00 0 and negative 0 2.36 11
3 and 7 1.00 and 2.00 0 and negative 0 2.86 12
Lateral data
Ay, By, C1, and C) 3 1.00 and 2.00 0 0 and 90 | 1.50 to 2.86 13
7 1.00 and 2.00 0 0 and 90| 1.50 to 2.86 14
Ay, Ay, Cq, and Cp 3 1.00 and 2.00 0 and negative 0 1.50 to 2.86| 15
7 1.00 and 2.00 0 and negative 0 1.50 to 2.86 16
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3 1
109(3
'fqﬁfzany

g-0°

Displaced bodies,3A45,3Cz,Side view

Angle-of-attack reference line

Moment.reference
a / ™ point \
\% _\‘

T

Symmetrical body 3C4,5Side view

#=90%

(a) Bodies with fineness ratio 3.

Figure 1.- Geometric characteristics of various bodles tested. All dimensions are in inches
unless otherwise noted.



a1

L 1]
108(5C2)
b 152(54)

Displaced bodies,54,,5C7 , Side view

Moment-reference
a point

4
|
i

Angle-of-attack reference line

b~—1
, Symmetrical body 5C4,Side view

(b) Bodies with fineness ratio 5.

Figure 1.~ Continued.
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[08(7C2) |
i ; zléj 72

Displaced bodies 7A,,7C2 ,Side view

Moment-reference
a point \

-
P,

Angle-of-attack reference line

Symmetrical body 7Cq, Side view
#=90°
(c) Bodies with fineness ratio 7.

Figure l.- Concluded.
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(a) Body 3A.-

Figure 2.- Photographs of some of body configurations tested.
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(b) Body 3A,.

Figure 2.- Continued.
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(c) Body 54;. L-63-487

Figure 2.- Continued.

6T




o Tl G5 ) EAON O p 2 e et
Pori o S e K

e SR

e e poi SR
[ 23 e
i

= o L s
o i Sirdeaiiaas v
b St CRiss s R
SeEs £ EiaTe e e
I g S AR
ed e S te e Dk o
i S o R

i

y

3
b

K
B

o

e
Sl
s

i

i

e,
P

i
i

S

e

,EV,
S
e r

i)
P

&

3

s
o

5

o

o

e
i
0
ek

2
o

G

2
o

.
o

i

O IO 2 0 I e
R S )
B PR -
& R B

5

LR AR
Ry <D

G,

e

o

a3

.
i "
T e
e T i

R e st e T BT

i

) ol

s

S
Ryt

(o
=

o

5
.

'

e
o
Rl
SodEleiieie

S0
'3, 297

4,
b

e o o )

=

¢

S FRTG
o oo

CrenEe s

(e

i

i

o sy Seias o :
P i S R

2
S
s
oo
o

o
o
e
5

&

e S s ‘ . SRS A s
> i s S Lo G e

O I % SO F D e Coltdsle Rt il B ma e Se b s S e e S o e BT Loy DS S e S
. : Gk S R - S ,, 2 Pk % Eh

JH
e

- e G = "
cnee s SomeaRad St
R RS B, R SO R R R R I

Wi

R

S

Y G s T £

R A R R b e

R TR O

(4} Body 5Cq. L-63-483

: Figure 2.- Continued. ) B




e
o el
iy

K
s

o

e

o

i

G
o

5

foi
o

S G

e
{0 iéi?;ﬁé’rg

st

-

Cle

)

@

>
b

g

1<

o

o
ca
B, 43

CUX
e

b

555
5
:

ol
Ao
e

G
i,
ok K

i
K
i

e

o

Gy

ol

WO
koK,

!
A

&

e

(L

L

o

e

AP K

e
-

e

@
o

e,

L

it

o

5

OO

Rl

Lhl

L e
oY

it

0

S

e b
T

e
Maﬂ%é :
o st TR T e

e ¢
s e
o e e
o - e
g S 0y Shate e

s - e
T e

S

g s - S
St
e GO sl

X

PO
e SRle

e o <
el S
e T B P R

ey

DN
e s

(e) Body T7C;.

Figure 2.- Concluded.

-

R

v
e

e

g ey e
Ko
e

et

S
i

oo

& . .

e
e

L N e s
i S ”

L-63-486




50 T T : 20
40 ; ; 6
Volume (10 = Yp=20) il i
R
30 R e /2
20 SR e 8
/0 i 4
’ " 0
(a) FR=17
40 - : - /6
30 g /2
S ' i £ i : G Volume
—2F Cross-sectional area (10=Yb =20)p Pait j Tmax?
Tmax”  2pl- o il
10k SR e e e g
| : i
0 : ‘ o
(v) FR =5
30
20} 5
Cross-sectional area (10= Yp =2.0) - sl i
0 e L i) 4
0 do

o 10 20 30 40 50 60 70 80 g0 100
Xy . percent body length

(¢) FR = 3.

Figure 3.- Variation of cross-sectional area, volume, and wetted area distributions
with body length.

22




2=0897°

a=/075° a=/0.86°
Symmetrical Displaced

(a) M =1.50; FR = 3; a/b = 1.0; § = 0°.

a=/0.80° a=/089°

Symmetrical Displaced

(b) M=1.50; FR = 7; a/b = 1.0; ¢ = 0°.

Figure 4.- Typical schlieren photographs.

L-64-303%2

25



ol

a=11.58° a=/172°

Symmetrical Displaced

a=/10.00° a=1200°
Symmeltrical Displaced
() M=2.36; FR = 7; a/b = 1.0; ¢ = 0°. L-64-3033

Figure 4.- Concluded.




a,deg

(a) Variation of Cy, with a.

on longi-

0° and 90°

tudinal aerodynamic characteristics for symmetrical bodies with fineness ratios 3, 5,

and 7 at Mach number 1.50.

ratio from 1.00 to 2.00 at ¢

Figure 5.- Effects of increasing a/b

25



a,deg

(b) Variation of Cp with a.

Figure 5.- Continued.

26

|




0

=2

il

32

‘ ‘aﬁ%zz
il

28

i1

‘_M‘NAMH;H.\J H\J\mew \ww =t WH S = &
SENL SR ENBSEE

24

\.|.ﬁ/w o)==\ \le = =l =4 =
— ] N - wm - =
= KT F =

0 T e
lal. it
Ll
‘ .

T

g

i
I

IiLL
|

e s

/6

2

- X

J‘ =, /f 5 H\‘Mw F
o S A Y NS 1 IW/ WJu 55
L ‘ - _ A RN i E S N el U I
e ) - S NN E = = =

i W S W 1 W W 5 N
- i 5 o O N A W .

o . ™~ i o - BN T
~ RENEE
~<C X

N -

0| et

RN
N HRIECE
- Acidl [ -
i BRI
T
S
— - R —
Ay
& = \@M
e — : =

=k - «
ZE=- =]

16
14}

Cm

a,deg

(c) Variation of Cp with a.

Figure 5.- Continued.

27



ﬁ{w:‘dr”'

[
Tk

«():_\ '

e O A

el

a,deg

(d4) Variation of L/D with «.

Figure 5.- Concluded.

28



Hi

29

on longi-

0/‘

o° ana 90°

a,deg

L dedwe T
ratio from 1.00 to 2.00 at ¢

AT

HiE

4.0

(2) Variation of Cf with a.

ol

|14

it
L

i,

15 1.
tudinal aerodynamic characteristics for symmetrical bodies with fineness ratios 3, 5,

Figure 6.- Effects of increasing a/b
and 7 at Mach number 1.9.



o A4,

TTT T T

a,deg

(b) Variation of Cp with «a.

Figure 6.- Continued.

30



a,deg

20

1.8

16

/9

12y

(¢) Variation of C, with a.

Figure 6.- Continued.

51



~d
NN 92 % m o v %
. B o - oo B o = ®©
— /i /A v g N
/. /i /17
/& S .7 2 . A A ] ,
4 S R & A EC sy
7P 4 0 B T N
Y — ¥ 0 o — i s ; ‘
NS - )& P 1 ; 1 =R
A 3 P % % s I W -
A - 1 / / B0 W
Y AU W B S A N .T;w . =t _©
RS a % ¥ o % 5 I R ~
s N M - / \ / / / / \
R 1\ :s/:./ AN LN WL SR IV
ST h % % E R 5 G § &% =N
N AN A R Y 5. AN N VS S

(@) Variation of L/D with a.
Figure 6.- Concluded.

32



C/_
© Q
N N o § 2 8 9@ o 9 ™
™
& o R
= s
= TN 5
T S ==
=l - El ==
S = . = Q
—— E === ===\
= WPMMWWW.MHM
= s
= - ; =N
.= {- ~
i X =
== E e
===
2 S =
SESRORN "
HHM mmWwanu
! = =«
= !
WH ‘ M e
o] ©
Q 5 ) _
¥ My My © i

a,deg

(a) Variation of Cy, with a.

on longi-

° and 90°

tudinal aerodynamic characteristics for symmetrical bodies with fineness ratios 3, 5,

and 7 at Mach number 2.36.

=0

ratio from 1.00 to 2.00 at ¢

Figure 7.- Effects of increasing a/b

33



=== ==

el
415
ol
i
il
28

I

e e s N e e e

mﬂmmmm mmmmmmm

b
il
il
i
aillil
i
Al

il

|
faig
il

N =

- .mMmﬁmMmﬂmmmmmmH HanMW%mMﬁwmmmeMmmmmMmm mw
SN =

ok mmmmmmmmmmmemwwmmmmmMmm ©

|
i
i
ill
Il
I
i
I
i
I

ﬂ Ll s
|
&

= 1Y N
=== == =
= == -

36
3e
28
24,

with «.

Variation of Cp
Figure T.- Continued.

)

b

(

3k



(.|nm. =S i ®
EEENERE R
SHESSSE
S e e B
: SR N
: = EE =S K
i T S 5E. s EmEmERX
= e e e
P EP— i e kO B I i i = Il
R Peesp e e I ol o g St et e ey P
B i S = i 2 = e s A T}
: PR g e = e B o 2 e
s e
e =N
i B SE G TSR TS
- B R N
= = B WIS S 'S RS
S
- S N =
S
e et
~ s S A
Tm o B, S
oo

32

deg

al
Figure T7.- Continued.

(c) vdriation of Cp with a.

el
Al

lHll

i
il e
o

2.0y
1.8

o

/)

.8

o
4l
4

35



Il

'

N

il

i

deg

a,

(a) Variation of L/D with a.

Figure 7.~ Concluded.

36




25
20
1.5
10 ¢

32

I
28

1
|
i
|
24

— Mqllm“mﬂ | = \H”hlm

el ERRRA St =] ===

- Jfﬁi#inlI,T, 8 ‘\Wlwlwl]u,

RIGES Wt Hxl” “l i}

= e == e et e
= - Ei S
e e e e

P y == === EeEs—= o
- e~

i ‘Hw“H..illhlx x

- ——= v
L Y I RS e S ;.A.WAMWMNuwwmwww! =
i et == o

37

on longi-

0° and 90°
fineness ratios 3, 5,

¢

a,deg
(a) Variation of Cy, with a.

tudinal aerodynamic characteristics for symmetrical bodies with

Figure 8.- Effects of increasing a/b ratio from 1.00 to 2.00 at
and 7 at Mach number 2.86.



e I\

o W)

I

= ———

i
20

vwnwxﬂmwwmemmmmmmmmmwwMWWMLMMW
: == e

Sl

PR g

deg

’

a

(v) Variation of Cp with a.

Figure 8.- Continued.

38



T

HHYE

/.

0
8

£
i
HH

il

1

=== EECmE !
— =L e ¥ wﬁrwl..mlm 5

Wil
I
i

: - E5E- =g
o ‘nﬁ»M..l NS =
=i B BT e
N R R -
: = s
TH =R i S e e
— e
__ T NN NI
D IN TN N = L
- I
= |.”/r Ko
STSS I St g
S = e =
opg o4 |m. f.,n“‘. = ‘F — =

28 32

24

20

a,deg

(¢) Variation of Cp with a.

Figure 8.- Continued.

39



I

MUSETN

I
L

i

£

i M‘".

|

?

/

a,deg

(d) Variation of L/D with a.

Figure 8.- Concluded.




iy

[l g
|

|
|

A
i
Ll i

i

'

i
|

4|

il

40| -

a,deg

(a) Variation of Cp with a.

= 0° and Mach

cement on longitudinal aerodynamic characteristics for

and a/b ratios 1.00 and 2.00 at ¢

bodies with fineness ratios 3 and 7,

Flgure 9.- Effect of body section displa
number 1.5.

41



Rl = g
Hith -

o A4y
o A,
O Oy
A CZ

40

a, deg

(v) Variation of Cp with o.

Figure 9.~ Continued.

Lo



L3

20

gl b
6
with «a.

B L
.l
I
0
12

al il |
s

a,deg

Figure 9.- Continued.

(c¢) Variation of Cp

i 1

A

!‘:‘,(
AT L

i
i
G

il

1
|

Hu

L

I LT

il A




Liv Lot
U,

o
et T

2
a,deg

TN

(d) Variation of L/D with .

Figure 9.- Concluded.

L



Hﬂ[ﬁﬁﬂuuﬁw

o
mim

~ ~ N i mo_ i1TS:

TS = =

ooo 4 . - B - -

S e = = w.m

Mf W S e

2] Q 0 Q ) 9 i) Q 9 S )
0y © LS ¥ ™ Lo} N N ~ ~

@ ,deg

(a) Variation of Cj, with «.

=0° ana

ratios 1.00 and 2.00 at @

for bodies with fineness ratios 3 and 7, and a/b

Figure 10.- Effect of body section displacement on longitudinal aerodynamic characteristics
Mach number 1.90.

L5



'
i
|

g

-

n
H

Y

a,deg

(b) Variation of Cp with «.

Figure 10.- Continued.

46



il

T i
¥

il

= e
B __W

[N
!

29y

a,deg

(c) Variation of Cp with a.

Figure 10.- Continued.

b



deg

a,

(d) Variation of L/D with a.

Figure 10.- Concluded.

48




25

-5
32

RITHRIE:

;u: 1A

) & ) G S S w9
w © ¥ ¥ ™ ™ N N ~
&'

/6 20 24 28

2
a,deg

a) Variation of C; with a.
L

= 0° and

ratios 1.00 and 2.00 at @

and a/b

for bodies with fineness ratios 3% and T,

Figure 11.- Effect of body section displacement on longitudinal aerodynamic characteristics
Mach number 2.36.

k9



(v) Variation of Cp with a.

Figure 11.- Continued.

50



32

i
i

28

24

I O 1:’,,,,,.,..,‘,.«{7‘7 g

1 I A
I

|

=
pglh

_,O-MJJ'""‘ .

1
71

e &Lma@""ﬂ#%",

16 20

12
a,deg

6

14

(¢) Variation of Cp with a.

Figure 11.- Continued.

51



B

/6 20 24 28 32

2
a,deg

(d) Variation of L/D with a.

Figure 11.- Concluded.

52



20

i

a,deg

(a) Variation of Cj, with a.

= 0° and

ratios 1.00 and 2.00 at @

a/b

for bodies with fineness ratios 3 and 7, and

Figure 12.- Effect of body section displacement on longitudinal aerodynamic characteristics
Mach number 2.86.

53



o 4,
o A,
o Ly
A Cs

48]

44

a,deg

(b) Variation of Cp with a.

Figure 12.- Continued.

54



i

/8

6

14|}

-8

a,deg

(c) Variation of Cp with a.

Figure 12.- Continued.

25



a,deg

(d) Variation of L/D with a.

Figure 12.- Concluded.

56



10

;
T
T
1

ITT

-/0

-.20

N T e aﬁi%:::
A AL S A SERENTRDY n A T il SERRa

Cng -02

-.04

T T
NS RN EESN NN

I ]

-06

.02 FHEEH

- O HHEH
L= 1T
AT
LT T
LT
AL L ;;—13{’ )
0 SIrS e | A | 2
NS T PR ::*j LI |
A

-.02

I

1
)

Cpp ~04

-.06

-08

10 '
-8 -4 o 4 & 12 /6 20 o4
e, deg

(a) M = 1.50.
Figure 13.- Effect of increasing a/b ratio from 1.00 to 2.00 on variation of lateral direc-

tional derivatives with angle of attack for symmetrical body with fineness ratio 3 at roll
angles 0° and 90°.

57



10

I

>
¥

Y
2
I
A
J_I
e
b
f Tﬁ
7
|
1
1)
mJ
= ¥7%
]
T
I
I
T
I
1y
o)
[

T I T T T

lgfffgqggmﬂ-- Zaan ? TS
R nlad 7]

1
[
P

e
i
T
1
1

Cng 02

O O O I

-.04

TTT

-06H] Skl

02T
L A AT A

0 QTR TR

T ::51-——— HD THAT
;;:7 TR R L T

02t

Cup -0
-06
-O08fH

-8 -4 o 4 & 12 /6 20 24
a,deg

(b) M =1.90.

Figure 13.- Continued.

58



Cn

A0

ISSUERRE}
(I

N AN REN]

A

1T

o 11
1V WA
I
)
I
I
[
L
o

XY
a
|
1

> "l\;)
.
T
IS 7WS

L

A
5
L
2%
]
|
a
1
I
71
IRNAS

~20

!
T

R

e e e T

.02

H
|

: ~ L =TT §
ARG B BE L

Tz
T:
E
b
;
I
1
!
B
&

1

-02

1 o 34,

g o 35 g

-06 H o 3¢ H
HHH A 30,

.02

A EBE ]

{00

LA
0 | L laudd A TIA]  d H
A | ”"wzzgi—-ﬂ——l_ L] H
TR I

ITTTT

-02

I
I
Il
HIB R R 1 I N
e e e T T T T T T TR D P P T T T T TP T T T T T ]

-04

-06

A

-08

-/0 . s
-8 -4 o 4 8 2 /6 20 24
a,deg

(c) M =2.36.

Figure 13.- Continued.

59



60

SO

-10

]
T

-.20

o2

7
—T=ty
TT: )

-3

Cny -02 :;:;_

~02

-.06

02

e,
> o 0o
o G Gy
I T QD@L
N ~

1T -

e

[T 1]
T T
| RN |

=
——

I
.___._..j:i: ,_..";______,_____ — S
1
,
rx 1%

_ﬁi_w.‘t
1 ISEEN] 11
T A 1T RERERE) I
1] INEEI T [
T T T
IR T
T

-02f

HHHHH
ENEEREEEEED
Ea T
I

T T

osiill

-.08 BT

_E%E
-.1otH

T8

o 4 8 12 /6 20 24
e,deg

(¢) M =2.86.

Figure 13.- Concluded.




JO
o
c
e
=10
=20
.02
o
Cpn, -02 TITH £ A ol
# L CrOTTEH-HH-HO [T 0
b /f‘Ei<:j:-1§‘§\:\“*1~\
-04 ATTAALAL A AL LAT LA ™ WU iRSaagpzgiflusan
sl
-06 ST HHH
1] eASREERE
//’4— T X 1 SNNEN
LT s
.02 413\’)’ T (13 I I
(\ /13’
[z\§§; x*xf ) :~~::
e TR
™~ TG
.02 M [T
TN ~\‘t1\\\x s
TR Spx=1THRETE
\HJ~\ 28
Ceﬁ ‘04 \\\:i\\ El 1 EE
‘\?.;\h.‘“ i
-.06
-08
-10
8 -4 o 4 8 2 16 20 24
a,deg

(a) M = 1.50.

Figure 14.- Effect of incressing a/b ratio from 1.00 to 2.00 on variation of lateral direc~
tional derivatives with angle of attack for symmetrical body with fineness ratio 7 at roll
angles 0° and 90°.



62

T TT]

1723

IS 155

b

)

o] 7A/
o 785
o 76
A 7Cs

e
e HE LA ]
2 Zr_‘zl”" Rasu! 1

T

17

I_I—.'jll P

EENENENENEREE]
SmEE RN EEEEE

T

T T T
IIE!:!H IEEEN T T
LI

Il

-.02

T T
0 0

-04

oY TI>.

T TS
)

|
R
1t

Il

T

SNEmNEEAS!

]

T

)
Q
N
SEs (aSEemesss gy gassast

T

G T o ———————————— S — i T o 1

P (I W

1
1T

-
i
g

2%

i

i At
g ———
1=

AW
o

8

2
a,deg

(v) M =1.90.

Figure 1k.- Continued.

L —

Ee—

/6

20




/-2

N(o/

-0z

-.04

-06

-08

I
|
immn|

s

=/0

O

AN

\gu
Ay

AT

-4

IEEEEEER E NN SR

[ )
LN
ra
iy
L
]
]
ey
>3
13 1.
s
y S
‘,\IGH
. 4
17
t
F
\ ;E
f
o T —
X;

AY
i
1T
1T

AY
Ay
S
12
—
Vi
7
B
4
).
b
1
)
)
11
oy
N

INBEEEI

[

SRR

| L AT
LN H ST danl ";@E

AY
rd
A}
it
—
-

T
e
]
)
1
1
]
T
s
]
A
£
£
=

FAN Y]
]
T

I o O T R
T T T

T
IR

T

IR NS

T

[

4 8 2 16 20 24
a,deg

(c) M = 2.38.

Figufe 1h. - Continued.

63



faleY
T
1
|
InlaY
T
o'
52
25
AP
é‘b
I
|
|
\
)
)
.
b2
T
]

Mg ¥ =TT TY urﬁ———q_{g:-__:::_ﬂ.._m____qA

YT o N

| e P T
S

S,

5t

3
olod

RO
T THRLY
AY

5

i
>

IEENENEN

[

X
\\
AT
|t =SEREE i
yasenl
1L Lt
EL-Z# k3
il
ATV
| Nz N
AT AP 5 Ll |chi
] o T FH
TR
ATt W )] L{1LA

1T

-4 o 4 &8 /2 16 20
@, deg

(d) M =2.86.

Figure 1L.- Concluded.




i

I d 3P
A
¥
<

1IN

I
.
L3
I
2.
‘n
3
I R

AT T TV T T T

INRE|

INEEENENEEEERNA N

A 4 _5;;——~5 L LN L1 ] HH
%3 e Ll _T S H
C}bg 1622
-.04 mEw

al

-

™
N
I

BB R
(e
W
n
~
T

-06

.02 1T

IEEEEESSNVESEREEASEENEESNEN VNS EREEEERNE]

B
a & A=Ey>«~¢\ 5-\ :‘;‘ ’f{ <
L HPL e e . Hh
il “
AR L1
I TR
2 TP TA SEmE=z

-02

-08 muRa

10" L4 0 4 8 2 16 20 24

a,deg

(a) M = 1.50.

Figure 15.- Effect of body section displacement on variation of lateral-directional derivatives
with angle of attack for body with fineness ratio 3 at ¢ = 0°.

65



66

oft
c mu
=

}__1N45¢§4;4;___9k % il L L!
AN R tedsannzalb- AL TS N P
BT T T8 e s

T
1

1

IEENEENEEERE]
+ T 1

INEEERN]

Q
N

T

T
T T

¢ é;» D%Q%S%ﬁﬁ:e_"é’kfz i A FEE@"{“‘ AT
Cng =02 st g[
[ o jA/ ma
06} O 34z =
°30
= ~ 9z i
02 3 i 1l
o i EA ﬁ:;:);:; :;:**“ﬁ: ) &
. ‘{ N aaany __——:'5_, RS T
O i
Crp - 0%
o6 it
~08 j

}

-0

o 4 & /2 /6 20 29
a,deg

(p) M =1.90.

Figure 15.- Continued.



%
TTTT T T T T T T T T O T T T T T T T TP TP TP T T 1T T T T T T T T T P T T T TTTTTTTT 2
il I 11 1 L 1 I T NN NS EEEEN Il 1T IEENEEENEENEE RN NN
IRl N 1 i I 1 I LI L I
| T 1) I T e
1 N
T [
—
= Q
oy 8
i g [
1
= ©
| { /“_ ~
2L |
1 1)
1 T
1 T
| =
o
SIET S Y]
T ~
f
]
J-
e
3 WA D
(i
H—h ©
)
i
- ~ N N T —
0 IITOO rﬂﬂ - —
i MM MM 7 -
: 1 — 4
i ~ o Do« —mr— -
<D T
S pay ———— ) ——— z
€ —————— f—— . ——————
Ilmu. <
. L T T rrT o 0
<6t NS BEBEENBEN| 1 &3) -
| o il ———
I 0 S —
2oy
K /W_EI«IA‘< ————
b “1.11‘1‘0 [
= —— ¥+
——— [ t— '
[ - ®
N < [0 o o N\ Ny o % Q.
Q Q Q Q Q Q Q Q ~
1 1 [ | | 1 '

Cr/,@ -02

67

a,deg
(¢) M = 2.36.

Figure 15.- Contlnued.
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